In the present work, ZnO/CuO composite nanostructures have been grown on uorine doped tin oxide coated glass substrate by aqueous chemical growth method. To observe the eect of post growth annealing (500 • C, 1 min) on the structural properties of ZnO nanorods scanning electron microscope and X-ray diraction techniques have been utilized. SEM images of post growth annealed (post growth annealed) sample reveal that the average diameter of ZnO NRs has considerably increased in comparison with as grown sample. Moreover after post growth annealing the ZnO NRs showed more clearly hexagonal wurtzite structure. Beside this the NRs are also uniform and well aligned with a high aspect ratio of ∼10. In XRD pattern the strongly intense (002) peak of the post growth annealing sample suggest that the crystal quality of the NRs have also been improved signicantly. Since the structural improvement have a signicant impact on charge transport properties as well, therefore the eect of post growth annealed has also been investigated by the electrical characterization of ZnO/CuO based heterojunction. The current-voltage measurements of the post growth annealed sample showed improvement in the current in comparison with as grown sample. The impedance study has also conrmed that the post growth annealed has inuence on the electrical properties. The presented post growth annealed heterojunction of ZnO/CuO may have space in applications like sensors and oxide based diodes in the devices fabrication.
Introduction
Research on nanostructures (NSs) of dierent materials and their use in device fabrication has been rapidly increasing with the passage of time, as the unique properties of NSs have proven to be more suitable in comparison to the bulk phase of similar materials. As the NSs have large surface area to volume ratio which renders surface defects. This property is very useful for many applications like sensors. Many materials have been utilized by researchers for the synthesis of dierent NSs. Among those zinc oxide (ZnO) as an n-type metal oxide compound semiconductor, having a direct wide band gap (3.37 eV) and relatively large exciton binding energy (60 meV) has attracted the attention of many researchers. The reason is the diverse and unique properties of ZnO such as electro-optical, piezoelectric, and magnetic [13] . ZnO has also been used for the applications such as optoelectronic, chemical and bio sensing [46] . Beside these features, ZnO exhibits the diverse family of morphologies in comparison with any other metal oxide material. To prepare dierent ZnO NSs there are many synthetic routes both at low and high temperatures [7, 8] . The relatively low temperature (< 100
• C) aqueous chemical growth (ACG) method has been considered more favorable for the synthesis of variety of ZnO NSs with excellent properties. This method enables the production of nanodevices on soft substrates, such as paper, cotton textile fabric and the exible plastic substrate [911] .
Since reproducible and high quality p-type ZnO is still dicult to achieve, therefore fabrication of an eective * corresponding author; e-mail: mushtaque.hussain@liu.se ZnO pn homojunction remained challenging. So ZnO based hetero-junctions can be used as an alternative with a suitable p-type material. In this regard cupric oxide (CuO) is an important p-type compound semiconductor having a narrow band gap (1.35 eV), that has been widely investigated due to its high theoretical capacity, high safety, environmental benignity and low cost [12 15 ]. CuO has great potential for various applications such as a eld emitter, catalyst and as a gas sensing medium [1618] . Various methods have been employed for the fabrication of CuO NSs [8, 1921] . However, the CuO NSs grown through thermal oxidation process or synthesized through wet chemical routes demonstrated poor adhesion to substrates like glass [22] . Therefore selection of synthesis method is also very important. Both ZnO and CuO NSs have been investigated many times in recent past by using dierent techniques such as chemical vapor deposition, hydrothermal methods and some solution based processes, but simple and low cost ACG method utilizing bottom up approach has proven to be successful for the synthesis of ZnO or CuO NSs with high yield on the substrate [23] . However, relatively fewer studies on the CuO/ZnO or ZnO/CuO composite NSs have been reported as yet [2325] . To fabricate these desired composite NSs, several preparation methods have been applied by researchers [24, 2628] . Among these, hexamethylenetetramine assisted ACG method [6, 8] is relatively simple, inexpensive, surfactant-free and can be carried out at low temperatures (< 100
It was observed by many researchers that temperature has an inuence on the structural and electrical properties of nanostructured materials. Mandal et al. reported that transport properties of NSs are dierent as compared to the bulk phase [29] . The electrical properties (849) of nanostructured materials are generally inuenced by the high surface-to-volume ratio of grains, small size, enhanced contribution from grains and grain boundaries, quantum connement of charge carriers, band structure modication and defects in grains [30] . ZnO thin lms were synthesized by rf magnetron sputtering associated with the rapid thermal annealing in the environment of nitrogen or oxygen ambient, and the obtained information demonstrated that rapid thermal annealing at high temperature has signicant eect on the compressive stress and crystal quality [31] . To the best of our knowledge, studies concerning the inuence of post growth annealed (PGA) (500 • C, 1 min) process of ZnO/CuO heterojunction prepared by using ACG method are still lacking. Also the inuence of PGA on the electrical properties of ZnO NSs and the heterojunction based on ZnO is not completely explored as yet. Hence the deeper insight of PGA on the electrical behavior is still very important for ZnO based heterojunctions because of their large impact on their practical applications.
In this research work, a heterojunction of ZnO/CuO has been developed on uorine doped tin oxide (FTO) coated glass substrate by ACG method. At the same time, PGA was performed at 500
• C for 1 min and the inuence of PGA on the structural and electrical properties of the fabricated heterojunction is investigated. The structural study was performed by employing scanning electron microscope (SEM) and X-ray diraction (XRD) techniques and the electrical study by typical I-V characteristics along with impedance spectroscopy. The synthesis of n-type ZnO/p-type CuO, NSs based heterojunction was performed in two steps by using ACG method. In rst step the method was employed for the growth of CuO NSs on FTO coated glass substrates. First of all the substrates were sonicated in ultrasonic bath for 20 min in isopropanol, then washed with the deionized water and dried by ow of nitrogen gas. A copper acetate monohydrate seed crystal solution was deposited on these substrates in order to act as the nucleation site for CuO NSs by using spin-coating technique. This procedure was repeated twice at 3000 rpm for 20 s each time and after that the samples were annealed at 120
• C for 20 min in order to have good adhesion of seed particles. After annealing, the FTO coated glass substrates decorated with CuO particles were placed in a beaker containing equi-molar solution of 0.025 M hexamethylenetetramine and copper nitrate penthydrate by the help of a Teon sample holder. The pH of the growth solution was 6.57. Afterwards, the samples contained beaker was kept in preheated electric oven at 80
• C for 45 hours. After the growth duration the samples with the CuO NSs were washed with deionized water in order to remove residual solid particles from the surface. Finally, the samples were dried in air at room temperature. After the fabrication of CuO NSs, the growth of ZnO NRs on top of CuO NSs was carried out. CuO NSs were used as the p-type contact as well as the substrate for the growth of ZnO NRs in the present study.
A seed solution of zinc acetate dihydrate was spin coated on the CuO NSs grown on FTO coated glass substrate. The spin coating process was repeated twice at 3000 rpm for 20 s each time and after that the samples were annealed at 120
• C for 20 min. An equimolar concentration (0.075 M) solution of zinc nitrate hexahydrate and hexamethylenetetramine was prepared in 60 ml of deionized water. Then the substrates were dipped into the solution facing downward by using Teon sample holder and were kept in a pre-heated electric oven at 95
• C for 56 h. After the completion of growth time the substrates were cleaned with the de-ionized water and dried at room temperature. To study the eect of PGA on electrical properties of ZnO/CuO heterojunction, PGA at 500
• C was employed for 1 minute by using hot plate.
Fabrication of n-ZnO/p-CuO pn junction
For device fabrication an insulating polymer (Shipley photoresist S-1805) was applied at 4000 r.p.m on the grown ZnO/CuO composite NSs and then placed at hotplate at a temperature of 120
• C for approximately one minute in order to get dried/good adhesion of the photoresist. Reactive ion etching (RIE) plasma was used for exposing the top surfaces of the ZnO/CuO composite NSs. In order to develop the electrodes on exposed top of the ZnO/CuO composite NSs a plastic shadow mask having circles of 1 mm in diameter was used. A silver layer of 50 nm thickness was deposited by using SATIS evaporator (thermal evaporation at a pressure of 2 × 10 −7 Torr) for developing these electrodes. The schematic diagram in Fig. 1 is showing the fabrication process of ZnO/CuO based heterojunction. The morphology and structural properties of nanofabricated n-ZnO/p-CuO heterojunction was studied by using LEO 1550 Gemini eld emission scanning electron microscope running (FESEM) at 15 kV. The crystal quality of n-ZnO/p-CuO composite NSs was studied by Xray powder diraction (XRD) using a Phillips PW 1729 powder diractometer equipped with CuK α radiation (λ = 1.5418 Å) using a generator voltage of 40 kV and a current of 40 mA. The electrical characterization was performed by using parameter analyzer and impedance spectrometer to show the rectifying behavior of the proposed ZnO/CuO heterojunction. 3 . Results and discussion 3.1. Structural characterizations The surface and cross section morphology of the grown n-ZnO/p-CuO composite NSs was analysed by SEM. The SEM image of as grown CuO NSs is shown in Fig. 2a . The leaves like CuO NSs have petals with a length, width and thickness of ∼500 nm, ∼200−250 nm and ∼50 nm, respectively. The ZnO NRs were grown on the leaf like morphology of CuO NSs and the obtained ZnO NRs were almost uniformly distributed over the substrate. In addition to this NRs are well aligned and perpendicular to the substrate as well. Figure 2b is a cross sectional SEM image of the ZnO NRs over the leaves like CuO NSs. For clear understanding the layer of CuO leaves has been pointed out using parallel lines. The SEM image in Fig.  2c shows the high density of grown ZnO NRs on the top of CuO NSs. The NRs are rather uniform with a diameter of ∼80 nm. Figure 2d is the SEM image of ZnO/CuO composite NSs after receiving the PGA of 500
• C for 1 min. It can be seen from SEM image in the Fig. 2d that PGA has not only aect the diameter of as grown ZnO NRs, which is now around ∼130 nm, but it also released the strain within the NRs that resulted in more excellent hexagonal structure as compared to as grown NRs. Ultimately these well uniform and a bit larger ZnO NRs combined with larger grains will cause a reduction in the defect centres between the grain boundaries as reported by Yen et al. [32] . He further pointed out that this reduction may be attributed to the relaxation of bonding in order to ll the defect vacancies. Beside this Fan et al. [33] reported that short thermal annealing can elevate the non polar crystal planes containing ZnO NRs due to the reduction of surface energy.
In order to examine the crystal quality and to conrm the PGA eect on crystal structure of ZnO NRs, the XRD analysis has been carried out. Figure 3 is showing the typical XRD scan (0.1
• /s) in the 2θ range (25 Figure 3a is showing the XRD spectra of the bare CuO petal like NSs. The diraction peaks (002), (111), (112) and (1, 1,3) denoted by stars are related to CuO as per JCPDS card no. 05-0661. whereas Fig. 3bc is showing the XRD spectra of the as grown and PGA (500 • C for 1 min) n-ZnO/p-CuO composite NSs, respectively. All the diraction peaks (100), (002), (101), (102), (103) and (110) of ZnO are consistent according to JCPDS card no. 36-1451. The highest diraction peak (002) of PGA sample in Fig. 3c showed as much as 10 times high intensity in comparison with as grown sample in Fig. 3b . In addition to this it is clear from Fig. 3 that the intensity ratio of (002) to (101) diraction peaks is much higher in PGA sample in comparison with as grown sample. This conrms that PGA has enhanced the preferential orientation in the c-axis direction. By employing the Bragg law and the Scherrer formula, we nd out the lattice parameters, spacing and the size of the as grown and PGA samples with respect to (002) crystal plane as given in Table. No other impurities were found in the prepared samples. It was observed that the PGA has aected the structural parameters, so it was interesting to see its impact on charge transport properties as well. Because the enlarged crystal size of ZnO NRs will not only facilitate the electron movement but also modify the localized states like bulk and surface trap sites.
3.2. Electrical characterization For the detailed investigation of the electrical transport properties, IV characteristics and impedance measurements were done at room temperature. The results of IV characteristics of ZnO/CuO composite NSs (as grown and PGA samples) are presented in linear scale. It can be seen in Fig. 4a that both curves are showing well dened rectifying diode like behaviour, beside this PGA sample curve showed improvement in the current in comparison with as grown sample suggesting signicant decrement in the resistance of PGA sample. To the best of our knowledge there is no single study available, which addresses the eect of post growth annealing (500 • C for 1 minute) on the morphology of ZnO/CuO composite NSs by using impedance spectroscopy. Impedance spectroscopy has been widely used by the researchers to analyze the charge transport behavior of nanocrystalline materials. This analysis also provides a correlation between the electrical and structural properties of the material. Beside this the eect of temperature and frequency on the dielectric behavior and impedance spectra of ZnO NRs has also been utilized to study dierent polarization mechanisms, grain and grain boundary eect in nanostructured materials.
The frequency dependent behaviour of dielectric constant (ε ) and dielectric loss (ε ) of ZnO/CuO composite NSs (as grown and PGA samples) observed at room temperature in the frequency range of 1 Hz to 10 MHz are shown in Fig. 4b and c. In Fig. 4b dierent slopes over three frequency regions have been detected. The samples showed strong frequency dispersion at low frequency (< 300 Hz). It can be seen that that ε decreases with increasing frequency due to the existence of dierent polarization mechanisms in the sample. The decrease of dielectric constant with increasing frequency (< 10 kHz) is attributed to the existence of space charge polarization in the NR and above that frequency the dominant mechanism is the orientation polarization. The ZnO NRs exhibit space charge polarization due to their structural inhomogeneities such as vacancies and micropores at the grain boundaries. Their surface defects cause a change of positive and negative space charge distributions at the interface, which resulted in a much higher dielectric constant value of PGA sample than as grown sample at low frequencies as indicated in Fig. 4b . In Fig. 4c the behavior of as grown and PGA sample is almost identical, initially ε decreased rapidly with increase in frequency but as frequency approached around 200 Hz then ε attains a constant value. This can be explained on the basis of dierent polarization mechanisms existing in the samples. Under an applied external eld the space charges move and are trapped by defects at the interfaces, creating many dipole moments. At low frequencies (< 10 kHz), hopping electrons are trapped by the structural inhomogeneities. Therefore at low frequencies the space charge polarization becomes strongly dominant (almost 10 times) in PGA sample than as grown sample. Above 10 kHz, due to rotational displacement of dipoles in the NRs the dominant polarization mechanism is orientation polarization. The existence of oxygen vacancies and zinc interstitials in the NR is the possible source of orientation polarization. At higher frequencies, the space charges cannot follow the change of the eld and hence do not produce space charge polarization. The dipoles are also unable to follow rapidly with varying electric eld. Therefore Fig. 4c reveals a clear variation in the magnitude of dielectric loss for both samples with respect to frequency that illustrates the typical dispersion behavior for polarizations in the relaxation regime.
The complex impedance spectroscopy is an important tool to analyze the electrical properties of the device. The electrical behavior of the diodes (as grown and PGA) were studied over a range of frequency using the complex impedance spectroscopy (CIS). This technique enables us to separate the real and imaginary components of the electrical parameters and hence provides a true picture of the material properties. Figure 5 shows the complex impedance spectroscopy of ZnO/CuO composite NSs grown on FTO coated glass substrate. Figure 5a shows the variation in the real part of impedance Z s as a function of frequency for both samples. It is clear that the magnitude of Z s decreases with increasing frequency. The high value at low frequencies is due to the total polarization caused by space charge, dipoles, ions and electrons [34] . Figure 5b shows the variation of the imaginary part of impedance Z s with respect to frequency for as grown as well as PGA sample. It is clear that the values of Z s increased with increasing frequency, until it reached to a maximum peak Z s and then is decreased with the further increase in frequency. A signicant broadening along with shift in the peak position appeared in the PGA sample that suggests the existence of a temperature-dependent electrical relaxation phenomenon in the heterojunction. In Fig. 5c the impedance measurement of ZnO/CuO reveals two overlapped arcs of semicircles. The broader one belongs to as grown sample while the much smaller one is for PGA sample. Figure 5c clearly shows the substantial drop in the grain resistance of the PGA sample suggesting that the bulk resistance has decreased incredibly in comparison with as grown sample. Because on injection of charge carriers the barrier height reduced, this enhanced the electrical conduction of PGA sample. It is also possible that the decrease in the resistance of PGA sample caused due to the increase in thermal movement of the defects, especially the oxygen vacancies [35] . 4 . Conclusion ZnO/CuO composite NSs were grown by lowtemperature ACG method on FTO coated glass substrate with PGA at 500
• C for 1 min. The eect of PGA on the ZnO NRs was investigated by SEM and XRD. It has been observed that PGA promotes densication of the ZnO nanocrystallites and surface area reduction. The ZnO NRs after PGA have more clearly hexagonal structure and the diameter has also been increased considerably. The strongly enhanced (002) peak in PGA sample and a high aspect ratio conrmed the improvement in the preferential orientation along the c-axis. Moreover the eect of PGA was also observed through electrical characterization. The diode behavior was examined through I-V and an improvement in the current of PGA sample was observed due to possible reduction in resistance, which caused a better rectifying behavior in comparison with as grown sample. In impedance measurements a substantial drop in the grain resistance of the PGA sample was observed. These results showed that the PGA improved the crystalline quality besides aecting the electrical properties. The present study indicates that the PGA has favorable inuence in combination with ACG method for the fabrication of optoelectronic ZnO NRs arrays that have potential applications in sensors and the devices based on solid state oxide junction.
